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We combine the results of magnetic and transport measurements with neutron diffraction data 
to construct the structural and magnetic phase diagram of the entire family of SrMni-ajRu^^Os 
(0 ^5 a; 1) perovskites. We have found antiferromagnetic ordering of the C type for lightly Ru- 
substituted materials (0.06 ^ a; ^ 0.5) in a similar manner to RySvi-yMnOs (i?=La, Pr), due to 
the generation of Mn''+ in both families of manganite perovskites by either B-site substitution of 
Ru^"'' for Mn*"'" or A-site substitution of R^^ for Sr^"*" . This similarity is driven by the same ratio of 
d* /cP ions in both classes of materials for equivalent substitution level. In both tetragonal 
lattice distortion is observed, which for some compositions (0.06 ^5 i ^ 0.2) is coupled to a C-type 
AF transition and results in a first order magnetic and resistive transition. Heavily substituted 
SrMni_i,Rua:03 materials are ferromagnetic due to dominating exchange interactions between the 
Ru*""" ions. Intermediate substitution (0.6 $5 a; ^ 0.7) leads to a spin-glass behavior instead of a 
quantum critical point reported previously in single crystals, due to enhanced disorder. 

PACS numbers: 75.30.Kz, 75.50.Ee, 75.50.Lk, 81.30.Dz 



I. INTRODUCTION 



The substitution of Ru in perovskite manganites has 
been demonstrated to lead to a variety of interesting 
physical phenomena. For colossal magnetoresistance 
manganites Lao.sSro.sMni-^RuyOs with ferromagnetic 
matrix and Lao.45Sro.55Mni_yRuy03 with antiferromag- 
netic matrix, the low Ru doping 0.05 ^ y ^ 0.15 
induces an enhanced ferromagnetism with an increas- 
ing Curie temperature Tc-EI Ru ions in these mate- 
rials exist mainly in the form of Ru*"*" with a small 
quantity of Ru^^. A ferromagnetic exchange interac- 
tion between Mn'^+ and Ru^"'"(Ru^+) has been attributed 
to this enhancement of ferromagnetism. [ij Similarly in 
charge ordered Ndo.sSro.sMnOa Tc is significantly in- 
creased by substitution of Ru^+, but the charge order- 
ing can be destroyed. The incorporation of Ru ions in 
CaMni-yRuyOa perovskites can induce ferromagnetism 
in a large substitution range 0.1 ^ y ^ 0.8 with a max- 
imum Curie temperature Tq — 210 K for y = 0.4 and a 
metallic character for 0.2 ^ y ^ 0.4.0 By substitution of 
only a few percent of Ru with Mn in Sr3(Rui_j,Mnj,)207 
the ground state can be switched from a paramagnetic 
metal to an antiferromagnetic insulator. Q 

The study of SrRui-yMuj^Os single crystals in the Hm- 
ited (Ru-rich) range of compositions ^ y < 0.6 has 
shown that the Mn substitution can drive the system 
from the itinerant ferromagnetic (F) state for SrRuOs 
through a "quantum critical point" at Uc = 0.39 to an in- 
sulating antiferromagnetic (AF) state. Q Sahu et aZ.@,0| 
reported a contradictory finding that the ferromagnetic 
state may still be observed with higher Mn contents in- 
cluding SrRuo.5Mno.5O3 for polycrystalline samples pre- 
pared in air at 1200°C. A more complicated phase di- 
agram with the coexistence of F and AF phases in a 
wide range of substitution and a large magnetoresistance 
have been reported by Zhang et al. [8[ for polycrys- 



talline samples prepared in air at 1150°C. The discrep- 
ancy can be traced to the highly inhomogeneous poly- 
crystalline samples obtained to date, containing a large 
amount of SrRuOa, for which only a fraction of the FM 
phase changes but not the magnetic phase or transition 
temperature (see: Ref. 6, Fig. 1; Ref. 7, Fig. 2, Ref. 8, 
Fig. 3, and Ref. 9, Fig. 3). 

The end member of the SrMni-ajRuajOa family, 
SrRuOa is a unique ferromagnetic metal among 4c? transi- 
tion metal based perovskite oxides. Most dopants for low 
spin Ru^+ (^2g) decrease the ferromagnetic Curie temper- 
ature from 163 K, except for Cr.jlo, jQ, 1^] The other end 
member, a cubic perovskite SrMnOs is a G-type antifer- 
romagnet with Tm = 233 K. The oxidation state of Mn in 
the latter material is also 4-1- . When this valency of Mn is 
preserved (e.g. as in Sri-yCayMnOs), then the G-type 
AFM ordering is observed in the cubic, tetragonal and 
orthorhombic crystal structures. [31 Tn is suppressed by 
the deviation of the Mn-O-Mn bond angle from 180° and 
by the variance of the average size of the A-site ion via 
changes in the Sr/Ca ratio, [isl. [l^ 

The substitution of Ru^+ for Mn4+ in SrMnOs was 
considered [l^ to stabilize the cubic perovskite struc- 
ture by the induced Mn valency shift, corresponding to 
electron doping by Mn^+ in the Mn^+ matrix. The L2.3- 
edgc absorption spectroscopy of Ru and Mn in Ru-rich 
SrRui-j^MnyOa (0 < y < 0.5) has revealed the mixed- 
valence of both Mn3+/Mn'*+ and Ru^+ZRu^+.Q ^^Mn 
NMR on SrRuo.9Mno.1O3 has demonstrated that Mn ex- 
ists in an intermediate Mn'^+/"'+ valence state due to fast 
electron hopping, [l^ 

In this study, we investigate the complete solubil- 
ity range of polycrystalline SrMni_j,Rua;03 samples and 
construct the phase diagram of structural, magnetic, and 
conducting properties. The polycrystalline samples were 
characterized by neutron diffraction, magnetic, trans- 
port and thermoelectric experiments. The incorpora- 
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tion of Ru in the SrMnOa matrix (0.06 ^ cc ^ 0.2) re- 
sults in a phase transition to a C-type antiferromagnetic 
state accompanied by a cubic-tetragonal transition. At 
slightly higher substitutions (0.3 ^ x ^ 0.5) the struc- 
tural transition temperature is higher than the AF tran- 
sition temperature. The intermediate substitution level 
(0.6 ^ X ^ 0.7) induces a spin-glass behavior, due to 
competing ferro- and antiferromagnetic interactions in 
the tetragonal structure. Close to the maximum Ru sub- 
stitution (0.8 ^ X ^ 1) the material becomes ferromag- 
netic in the orthorhombic structure. 



II. EXPERIMENTAL DETAILS 

Samples with x ^ 0.5 were prepared using a two-step 
synthesis method developed for similar kinetically stable 
perovskites. First, oxygen-deficient samples were pre- 
pared in argon at T = 1300 — 1400°C. The samples were 
then annealed in air at lower temperatures to achieve sto- 
ichiometric compositions with respect to the oxygen con- 
tent. The samples with x > 0.5 were prepared in air at 
1330— 1340°C with many (up to 14) intermittent grind- 
ings due to difficulty of achieving homogeneous mate- 
rial. An excess of Ru02 was added to compensate for Ru 
loss due to sublimation at these high temperatures. The 
process of formation of single-phase and homogeneous 
material was monitored with x-ray diffi'action (Rigaku 
D/MAX diffractometer) and ac susceptibility (Physical 
Property Measurement System Model 6000, Quantum 
Design) measurements. After a few firings, x-ray diffrac- 
tion indicated formation of single-phase material, though 
the ac susceptibility measurements clearly showed peaks 
related to multiple magnetic transitions and hence highly 
inhomogeneous samples. Fig. [1] shows a sequence of 
ac susceptibility measurements for the SrMno.1Ruo.9O3 
sample, which demonstrates the gradual improvement of 
sample quality. This difficulty to achieve research qual- 
ity polycrystalline materials may explain the discrepancy 
in the properties of single crystals and bulk samples re- 
ported to date. 

The ac susceptibility, resistivity, thermal conductivity 
and Seebeck coefficient were measured using a Physical 
Property Measurement System Model 6000 (Quantum 
Design). The dc magnetization was measured using a 
Magnetic Property Measurement System Model MPMS- 
7 (Quantum Design). Time-of-ffight neutron powder 
diffraction data were collected at 300 K (room tempera- 
ture) for all members of the SrMn1_2.Ru2.O3 series on the 
Special Environment Powder Diffractometer (SEPD)(T8| 
at the Intense Pulsed Neutron Source (IPNS) at Ar- 
gonne National Laboratory. Data were collected, for 
the X ~ 0.2, 0.7 and 0.9 samples, at several tempera- 
tures between 10 and 320 K using a closed cycle refrig- 
erator. In the refinements, high-resolution backscatter- 
ing data, from 0.5 to 4 A d-spacing were analyzed using 
the Rietvcld method and the General Structure Analysis 
System (GSAS) code.[l^ Absorption, background and 
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FIG. 1: (Color online) Magnetic ac susceptibility for the 
SrMno.1Ruo.9O3 sample after increasing number of firings. A 
magnetically single-phase material is obtained after 13 grind- 
ings and firings. 



peak width parameters were refined, together with the 
lattice parameters, atomic positions, and isotropic and 
anisotropic temperature factors for the cations and oxy- 
gen atoms, respectively. 

The cationic ratio was determined by energy disper- 
sive x-ray spectroscopy (EDXS) analysis in a Hitachi 
S-4700-II scanning electron microscope at the Electron 
Microscopy Center, Argonne National Laboratory. Typ- 
ically, 5 spot spectra were collected across the surface of 
sintered pellets. Fig. [5] presents the effective contents Xctf 
of Ru and Mn ions calculated from the EDXS spectra us- 
ing a normalization condition Xcff (Ru)-f a;off(Mn)=:l. We 
observe a good agreement with the nominal compositions 
drawn as straight lines in Fig. [51 This result is strongly 
supported by the refined Ru occupancies from the neu- 
tron powder diffraction data. 



III. RESULTS AND DISCUSSION 



A. Neutron powder diffraction and structural 
details 



The well-known perovskite structures of the two end- 
members of the series, namely SrMn03 and SrRu03, 
have frequently been described as crystallizing in the cu- 
bic and orthorhombic space group symmetries, respec- 
tively. The Ru spins, in SrRu03, do not localize (are 
itinerant) and the material is viewed as an itinerant fer- 
romagnet below 163 K. On the other hand, in SrMn03, 
the Mn spins become localized below 233 K in a G-type 
antiferromagnetic structure. 
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FIG. 2: (Color online) The effective contents of Ru and 
Mn ions for SrMni-jjRuaiOa from the energy dispersive x- 
ray spectra (EDXS). The straight lines are the nominal con- 
tents of both cations. The statistical errors are within the 
marker symbols. The refined Ru contents from neutron pow- 
der diffraction (NPD) are shown as open circles. 



Room temperature structural refinements (T = 300 
K) for all members of the SrMni_a;Rua;03 series demon- 
strate that, upon increasing x, the symmetry changes 
from cubic Pm — 3m {x ^ 0.2) to tetragonal lA/mcm 
(for 0.3 ^ a; ^ 0.7) to orthorhombic Pbnm for {x ^ 0.8) 
in a good agreement with the different magnetic and re- 
sistive properties of the materials discussed in the next 
subsections. Refined Ru and Mn site occupancies were 
in agreement with the nominal values, within 1-3 stan- 
dard deviations, as shown in Fig. [21 Refined structural 
parameters are presented in Fig. [3] as a function of com- 
position. The lattice parameters [Fig. ^&)] display over- 
all increase associated with a larger ionic size of Ru^+ 
(the average bond length <Ru4+-0>=1.985 A) than 
Mn'^+ (the average bond length <Mn4+-O>=1.903 A) 
as observed in Fig. [3]Jd). The sequence of structural 
transitions from high symmetry cubic Pm — 3m to low 
symmetry orthorhombic Pbnm is thus a consequence of 
decreasing tolerance factor of the perovskite structure 
t{x) =<Sr-0> /V2 < B-0> (S=Mn,Ru) from 1 to 0.99 
[Fig-Etf)]- Similar sequence of transitions was observed 
for Sri„3;Ca3;Mn03, for which decrease of tolerance factor 
was a result of smaller ionic size of Ca than Sr.[l^ Since 
neutron diffraction found no evidence for Mn/Ru cation 
ordering at any x, the volume would be expected to vary 
linearly with x according to the Vegard's law, presented 
as a dashed line in Fig. [3jb). However, the unit cell 
volume exhibits deviations from the linear behavior espe- 
cially when crossing from the Mn-rich side to the Ru-rich 
side of the phase diagram [Fig. [3]Jb)]. These deviations 



can be solely explained by geometrical considerations of 
the charge transfer Ru''+ (0.62 A) -I- Mn4+(0.53 A) 
Ru5+ (0.565 A) + Mn3+ (0.645 A) from the fact that 
the average ionic size of a Ru^^ ,Mn'^^ pair (0.605 A) IS 
larger than that of a Ru^"*" ,Mn^+ pair (0.575 A). Fol- 
lowing the procedure developed by Williams et al. 
for SrRui-yCryOs, we made linear fits to the data in 
Fig. ^h) and obtained a good agreement of the charge 
transfer model with the data. A similar phenomenon 
has recently been observed [l^l in CaRui-yMuyOs and 
also interpreted in terms of mixed valence Ru''"'", Ru^+, 
Mn''^"'", and Mn'^"'" ions. The latter compound preserves 
its orthorhombic Pnma structure within the entire com- 
position range. 

Another anomalous feature observed in the data is a 
large increase of the average <Sr-0> bond length from 
2.69 to 2.78 A [Fig.lSfe)]. In order to interpret the "ab- 
normal" behavior of the <Sr-0> bond length, we per- 
formed simple Bond Valence Sum calculations [2T| from 
which we find the calculated oxidation state ^(Sr) of Sr 
to decrease from 2.5 to 2.0 as the Ru content increases 
from to 1. The unphysical values of the Sr oxidation 
state (i.e., when t;(Sr)>2) may be interpreted as evidence 
for the presence of significant strains in the Mn-rich side 
of the phase diagram with the strains relaxing as a func- 
tion of increased Ru content. Strain relaxation would 
then occur through a series of structural distortions from 
heavily stressed cubic to moderately stressed tetragonal 
and finally to "stress-free" orthorhombic structures. Fur- 
ther evidence for stress relaxation may be observed in the 
behavior of the unit cell volume as seen in the change of 
slope in Fig. EJb). Additionally, a changeable <Sr-0> 
bond length could also be due to the decreasing size of 
the oxygen ion as a function of hole transfer to it from 
Mn. i.e., formation of the ligand holes for SrMnOs com- 
pound. The Mn to O charge transfer would not lead to a 
large change of the <Mn-0> bond length as the overall 
amount of charge remain constant on the electronically 
relevant Mn-0 network. Another possibility would be 
that simply the <Sr-0> bond lengths are changeable de- 
pending on the i3-site ion of the perovskite structure. To 
unambiguously differentiate between these possibilities 
extensive x-ray absorption spectroscopy studies would be 
necessary for both transition metal and oxygen ions. We 
point out here, however, that peculiar magnetic proper- 
ties of SrMnOs and lightly substituted compounds, which 
are discussed in the following sections, may be caused by 
the charge transfer from Mn to O ions. 

Evolution of the structure of the a; = 0.2 sample as 
a function of temperature is shown in Fig. 3) At tem- 
peratures above 260 K, the paramagnetic material is 
best described using the cubic Pm — 3m symmetry. Be- 
low 260 K, a structural phase transition takes place to 
lower tetragonal 14 /mem space group symmetry and ad- 
ditional antiferromagnetic peaks become visible. In this 
space group, a good fit to the magnetic intensities could 
only be achieved by further lowering the magnetic sym- 
metry to IpA/mc'm' . In this magnetic symmetry, long- 
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FIG. 3: (Color online) Room temperature structural parameters refined from neutron diffraction for SrMni-jjRuaiOa. B is the 
B-site ion Ru or Mn. (a,b,f ) Squares denote a cubic Pm — 3m structure, circles - tetragonal M/mcm, diamonds - orthorhombic 
Phnm. (d,e) Open symbols: individual bond lengths, full symbols: geometrical average, (f) The tolerance factor is defined as 
<Sr-0>/(< B-0> \/2). The dashed line in (b) represents Vegard's law, the solid lines in (b) are linear fits to the data (see: 
text). 



range ordering of c-axis oriented Ru/Mn spins takes place 
to form C-type antiferromagnetically coupled FM chains. 

Temperature-dependent neutron diffraction patterns 
for the tetragonal x = 0.7 and orthorhombic x = 0.9 
samples show no structural change and no extra mag- 
netic intensities at any temperature between 10 and 300 
K in good agreement with the materials' spin-glass and 
itinerant ferromagnetic properties, respectively. A de- 
crease of the difference between individual B-0 bonds 
[Fig. Ue)] with increasing temperature as well as a sim- 
ilar effect for lattice parameters [Fig. [4f)] and B-O-B 
bond angles [Fig. [D^h)] indicate an incipient transition to 
the cubic phase for the x = 0.7 composition. No such 
behavior is observed for the orthorhombic x = 0.9 com- 
position, for which structural transitions to tetragonal 
and cubic phases appear to remain at high temperatures 
similar to SrRu03.[23 In addition, the x = 0.9 compo- 



sition does not exhibit a distinctive invar effect, which 
was observed below Curie temperature for SrRuOa.jl^ 
Suppression of the invar effect with a small amount of 
Mn substitution in SrRuOs is similar to both Cr- and 
La-substitution. (2^ [25j and introduction of Ru- vacancy. 



B. Magnetic properties 

The dc magnetization measured on cooling in a mag- 
netic field of 1 kOe is presented in Fig. [S] From these 
results we have determined Neel and Curie temperatures 
Tm and Tc (defined as the temperatures for which the 
slope of magnetization dM/dT is maximum and mini- 
mum, respectively). On substitution of small amount of 
Ru for Mn (0.06 ^ x ^ 0.2), we observe sharp magnetic 
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FIG. 4: (Color online) Temperature dependence of the refined structural parameters for three SrMni-iRuiOa samples: x — 0.2 
(a-d), X — 0.7 (e-h), and x = 0.9 (i-1). B is the _B-site ion Ru or Mn. (a,e): open symbols: individual bond lengths, full symbols: 
geometrical average. 



transitions from paramagnetic to a C-type AF ordered 
state. The Neel transitions in this substitution range are 
coupled with the structural cubic-tetragonal transitions, 
i.e. Tpf = Ts- This type of behavior has also been ob- 
served for Sr-rich i?ySri_yMn03 (iT!=La, Pt)^. For 
larger x, the structural transition takes place at temper- 
atures Ts higher than Tjv. As a result, the magnetic tran- 
sition is not as sharp and an anomalous magnetization is 
observed for x = 0.3 in Tjv ^ T before the material 
becomes paramagnetic above T^. Further Ru doping de- 
creases T/v, which is maximum for x ~ 0.2 — 0.3. More 
substitution of Ru leads to a change of the magnetic or- 
dering from AF to F, although this boundary is not as 
sharp as reported for single crystals, Q but it is spread 
over a range of compositions (0.6 ^ a; ^ 0.7) where a 
spin-glass behavior can be observed. In this range of 
substitution we also observed a cusp in ac susceptibility, 
which supports the spin-glass behavior. 

In Fig. [SI we present the ac susceptibility for 



SrMno.3Ruo.7O3 measured at several frequencies lu in an 
ac magnetic field of 14 Oe. One can observe a cusp in 
the ac susceptibility related to spin-glass behavior, a de- 
crease of the ac susceptibility below Tf with increasing 
frequency, and a shift of Tf towards higher temperatures. 
The linear fit to (logo;) gives relative temperature shift 
vs. frequency AT// [r/A(logw)] = 0.0136 ± 0.005. This 
value is similar to those observed for the SrMui j^Fe.r03 
perovskite having mixed F and AF interactions. [2^| The 
spin-glass related irreversibility between the "zero field 
cooled" and "field cooled" magnetization can also be ob- 
served (not shown). For lower Ru contents, (0.4 ^ a; ^ 
0.6) this kind of irreversibility, resembling a spin glass be- 
havior, can also be observed at temperatures below ^60 
K in the AF state. This points to a frustrated/disordered 
AF state, 28| which is sometimes confused with spin glass 
behavior. 8| A closer inspection of the remanent magneti- 
zation after "field cooling" shows that a slight irreversibil- 
ity persists up to Tjy in these compositions, which points 
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FIG. 5: (Color online) dc magnetization for SrMni_i,Rua;03 
samples. 
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FIG. 6: (Color online) Temperature dependence of ac sus- 
ceptibility for SrMno.3Ruo.7O3 at several frequencies. Inset 
shows the linear dependence of T/ on log frequency. 



to a certain level of disorder in the AF state. 

The phase diagram in the low Ru substitution regime 
presented in Fig. [7] (a), strikingly resembles the phase di- 
agram for RySri-yMnOs (i?=La, Pr).[27'| In both classes 
of materials, the two different substitutions in the par- 
ent SrMnOa compound, A-site and B-site, respectively 
change the band filling by generating exactly the same 
amount of Mn'^^ ions for the same substitution level. 
The concentration of these ions is not sufficient to in- 
duce Mn'^^ - Mn''+ DE interaction, but can induce the 
same tetragonal lattice distortion, coupled with a C- 
type AF transition. The only magnetic ions present 
in La^Sri-yMnOa are Mn'^+/Mn*+ ions in the ratio 
y/{l — y). The d shell electronic configuration of Ru^+ 
ions in SrMni_2;Ru3:03 is identical with that of Mn''+ 
{(P, t2g)- Therefore, the ratio of d^/d? ions in both 
classes of materials is identical, which leads to a very 
similar structural and magnetic behavior. The param- 
agnetic Curie- Weiss temperature 0, also presented in 
Fig. [7] (a), was calculated from the molar dc suscepti- 
bility Xm = M/H in the temperature range 350-400 K, 
which was fitted to the general Curie- Weiss formula: 



Xm = xo + i^J'BNA/3kB)^J-lfi/iT - e), 



(1) 



where xo is a temperature-independent background sus- 
ceptibility, Na is the Avogadro number, fc^ is the Boltz- 
mann constant, O is the paramagnetic Curie- Weiss tem- 
perature, HeS = 9\J S{S + 1) is the effective paramag- 
netic moment, g = 2 is the gyromagnetic ratio, S is the 
magnetic spin. The values of Q pretty well coincide with 
the values of Tq or Tj. 

The effective paramagnetic moment /Xgff determined 
from the magnetization using Eq. (1) is presented in 
Fig. [7] (b). We consider two possible valence states of the 
Ru dopant, 4+ and 5-I-. The former case would lead to 
the following formula SrMn^l^Ru!j.+ 03 and the expected 
dependence fios — •\//i^jf(Mn) + /i^jj(Ru), plotted as the 
dashed line in Fig. [7] (b) is far from the observed /icff be- 
havior. The latter case would give the following formulas 
SrMn:[l:2:.Mn3+Ru5+03 and SrMn3;^Ru^t^Ru^+_i03 
for X ^ 0.5 and x ^ 0.5, respectively. These formulae are 
plotted as solid lines. In both cases we assume spin only 
moments. The latter model works well for x ^ 0.5. This 
is an additional evidence for the presence of Ru^"*" ions in 
this material. However, significant deviations from any 
of the discussed models can be observed for x < 0.5, es- 
pecially for pure SrMn03. The determined ficS values 
arc much lower in this region (not shown). Q is also 
positive in the x < 0.5 solid solution range, which in 
turn is a sign of ferromagnetic interactions in the para- 
magnetic state, even if these compositions exhibit an AF 
order at low temperatures. It is possible that in this 
doping regime the fitting temperature range is very close 
to the magnetic and structural transition temperatures 
and the Curie- Weiss approximation in Eq. (1) is not fully 
valid. Another explanation for reduced ^off of SrMn03 
and lightly substituted compositions may relate to un- 
usual bond distances observed for these compounds that 
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FIG. 7: (Color online) (a) Phase diagram for SrMni-^RuajOa. 
Labels denote magnetic states [P, AF-G, AF-C, SG, and F 
are paramagnetic, antiferromagnetic (type G), antiferromag- 
netic (type C), spin glass, and ferromagnetic, respectively]. 
Labels in parentheses denote crystal symmetry (C, T, O are 
cubic, tetragonal, and orthorhombic, respectively). Open cir- 
cles are magnetic transitions. Full circles are structural cubic 
to tetragonal transitions. Full diamonds are paramagnetic 
Curie- Weiss temperatures. The hatched area is an approxi- 
mate boundary of magnetically frustrated region between the 
AF-C and F states, (b) The effective paramagnetic moment 
ficfi for SrMni-iRu^Os. The lines denote various models de- 
scribing possible oxidation states of Ru and Mn ions (see:text) 



would require further study. 



C. Resistivity 

The temperature dependence of resistivity p{T) for 
SrMni_a;Rua;03 samples is presented in Fig.[8l The resis- 
tivity demonstrates an insulating character for SrMnOs 
and overly decreases with increasing Ru substitution due 
to itinerant character of the Ru electrons. It becomes 
metallic for x ^ 0.9 with a metal to insulator transition 
at around 70 K for x = 0.9. The difference between the 
characters of resistivity for highly Ru substituted poly- 
crystalline samples and single crystals can be explained 
by the granular nature of the polycrystalline samples. It 
has been demonstrated, e.g, for polycrystalline colossal 
magnetoresistance manganites that the presence of grain 
boundaries can affect the magnitude of resistivity as well 



FIG. 8: (Color online) Temperature dependence of resistivity 
for SrMui-iRuiOs samples. 



as the low-temperature magnetoresistance, without af- 
fecting their magnetic properties. For low Ru contents 
{x < 0.2) a significant increase of resistivity is observed 
below the coupled AF-structural transitions. These tran- 
sitions correspond to a jump in p(T) again similar to 
rare earth substituted SrMn03.[23| This behavior corre- 
sponds to a first-order phase transition with a hysteretic 
behavior of p as illustrated in Fig. O^a). The transi- 
tion can be shifted to lower temperatures by applying 
a magnetic field. A slight magnetoresistance can be ob- 
served for higher Ru contents below the Curie tempera- 
ture. Generally, this effect is rather small although en- 
hanced with respect to pure SrRuOsQ. For x = 0.3, 
where the structural and magnetic transitions arc decou- 
pled, a subtle anomaly in resistivity can be observed at 
a temperature related to the structural transition along 
with a smooth resistivity behavior at the AF transition. 



D. Thermoelectric properties 



For higher Ru contents it has been demonstrated [24 
that the Seebeck coefficient is positive and varies 
shghtly from +34/iV/K for SrRuOs to +28iiV/K for 
SrMno.1Ruo.gO3 at room temperature. This small 
change reflects the introduction of Ru^"*" ions into the 
Ru'*+ matrix. In Fig. 1101 we present thermal conductivity 
K, Seebeck coefficient a, and the thermoelectric figure of 
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FIG. 9: (Color online) Magnetoresistance for selected 
SrMni_a;Rua;03 samples. 
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merit ZT = a^T / {np) for selected SrMni_2;Ru2;03 sam- 
ples. For SrMnOa, a is large and negative (— 350^V/K at 
RT). A low Ru substitution induces a drastic change of a 
to values of -50 to -60 ^V/K at RT. This negative effect 
on the thermoelectric properties is compensated by a sig- 
nificant decrease in p and k, which, e.g., gives a similar 
values of ZT at and above room temperature for x = 0.3 
as for pure SrMnOs. We observe a crossover of a from 
negative to positive values at low temperatures for a low 
Ru substitution. This crossover shifts to lower tempera- 
tures with the Ru substitution. A similar effect has been 
seen in SrMnOs with a different i3-site substitution (Mo) 
as well as with an A-site substitution fPr).[29j 



IV. SUMMARY 

In summary, we have studied the phase diagram of 
polycrystalline perovskite SrHni-^i-Ru^^Oa (0 ^ x ^ 1) 
system. In the low Ru^+ substitution regime (a; ^ 0.3), 
the structural, magnetic, and transport behavior strik- 
ingly resemble those for the SrMnOs compound with an 
A-site heterovalent substitution i?j,Sri_j,Mn03 (i?=La, 
Pr). In both tetragonal lattice distortion, for 

some compositions coupled to a C-type AF transition is 
observed. This similarity is driven by the same ratio of 
d^/d'^ ions in both classes of materials for equivalent sub- 
stitution level. In the moderate Ru^+ substitution regime 
(x ^ 0.65) a boundary between the AF-C and F orders 
in polycrystalline SrMni-^jRu^Oa is broadened with re- 
spect to a sharp quantum critical point previously ob- 
served in single crystals due to magnetic disorder, which 
leads to a spin glass behavior. The observation of a spin 
glass behavior suggests that the AF-C and F states are 
separated by a first-order transition in the clean limit and 
they can coexist in the presence of quenched disorder. [30| 
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FIG. 10: (Color online) (a) Thermal conductivity, (b) Seebeck 
coefficient, (c) Thermoelectric figure of merit ZT = a^T/{Kp) 
for selected SrMni_a;Rua;03 samples. 
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